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Abstract The present paper deals with the electrochem-
ical behavior of magnetite microcrystals in an acid
medium. A voltammetric method employing a carbon-
paste electroactive electrode (CPEE) with an organic
binder was used. It was found that the cathodic vol-
tammograms, which were recorded at different scan
rates, formed a set bounded in the space of i—F param-
eters by a ‘“‘generalizing” voltammetric curve corre-
sponding to the “effective” potential scan rate ves. In
other words, all curves are situated under one envelop-
ing curve, just as the smaller dolls sit in the largest doll
of a “Russian doll”. “Reverse” currents (a cathodic
current in the anodic direction of the potential scan)
were observed on the cyclic voltammogram. Forward
and reverse currents obey the same laws and have one
and the same “‘generalizing” curve, which could be taken
as the magnetite characteristic.

Keywords Dissolution - Electrochemical reduction -
Magnetite - Voltammetry

Introduction

The electrochemical reduction (dissolution) of magnetite
in acid solutions has been dealt with in a number of
studies (e.g. [1, 2, 3,4, 5, 6, 7, 8,9, 10]), which suggest
that the reducing dissolution of Fe;O4 represents an
irreversible process having a peaked response in the
cathodic voltammogram (two [6, 11] or even three waves
[2] of magnetite reduction are recorded when the
potential scan interval is expanded). Therefore, the
experimental results usually are interpreted using
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Vermilyea’s relationship [12], which shows the decrease
in the dissolution rate with growing overvoltage of both
signs relative to the freely dissolving potential Eg
(without external applied potential). Strong objections
have been voiced as to the applicability of Vermilyea’s
equation to ferrooxides [11, 13].

The decrease in the magnetite dissolution rate after
the cathodic peak was explained in some studies by the
appearance of a passivating film in the form of metallic
iron [14], a donor—acceptor complex (Fe'0, ,q4s) [8], a
continuous layer of adsorbed H " .4 hydrogen ions [3] or
Fe’ " ions [9] on the electrode. The peaked dependence
of the dissolution rate on the potential for Fe;Oy4 calls
for further theoretical explanation [13].

The objective of the present study was to obtain more
information about the electrochemical behavior of
magnetite as an example of oxides having the spinel
structure. This example was chosen because of magnetite
is the main component for the synthesis of a wide class
of magnetic oxides. The technique of voltammetry and a
carbon electrode containing the solid substance to be
investigated was used [15, 16].

Experimental

Materials

Magnetite samples were prepared by decomposing ferrous oxalate
(FeC,042H,0) of “analytically pure” grade in a flow of purified
CO, by the following scheme: holding at 473 K, annealing at 873 K
for 4-6 h, then cooling in a furnace in the same atmosphere. The
Fe;O4 powder consists of particles with the average dimension
d,y=14 pm. The X-ray diffraction analysis of the samples was
performed by the Debye-Scherrer method using Cr-K,, radiation
on a DRON-3 diffractometer. According to the X-ray diffraction
analysis, the samples contained one phase with the crystal lattice
constant equal to 8.396+£0.0005 A. This value agreed with the
literature data for stoichiometric magnetite [17].

The experiments were performed using two batches of samples
differing in their production time: the samples of batch A (A-
magnetite) were synthesized more than two years ago and were
exposed to air throughout this period, while the samples of batch B
(B-magnetite) comprised a freshly prepared magnetite.
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Instruments and electrodes

The electrochemical measurements were made by the method of
voltammetry using a carbon-paste electroactive electrode (CPEE).
The test material was added to the CPEE in the amount of 0.05-0.2
g per 1 g of the carbon paste prepared from a spectrally pure
graphite grade ““C-2”" with particles of 40 pm or smaller in size. The
binder was dibutyl phthalate added in the amount of 0.3 mL per 1 g
of the dry mixture. The CPEE was polarized using a PI-50-1.1
potentiostat. The measured signal was displayed on a PC monitor
screen. A glassy carbon crucible served as the auxiliary electrode
and the electrolyzer, while the reference electrode was a saturated
Ag/AgCl electrode type EVL-1MI1. Supporting electrolytes were
prepared from “suprapure” and ‘“‘chemically pure” reagents and
tridistilled water. The potential scan rate in the potentiodynamic
mode was preset between 0.5 and 500 mV/s. The measurements
were performed at room temperature in the potential interval from
—0.8 to +0.7 V, in which the carbon paste is electroinactive and
does not generate signals.

Results and discussion

A specific feature of the electrochemical dissolution of
magnetite is a peaked shape of the voltammogram (e.g.
[2,3,4,9,10, 11, 13, 16]). It has not been unambiguously
explained in theoretical terms [13]. It may be shown (Fig.
1) that a peaked voltammetric curve of the A-magnetite
turns smoothly to a wavy curve as the scan rate is in-
creased. The latter curve is more characteristic for ma-
ghemite (see curve 1, inset in Fig. 1). The rate at which
the curve starts transforming depends on the acid con-
centration of the solution and tends to decrease as the
solution acidity diminishes. For example, a peaked re-
sponse is observed only at v < 5 mV/sin a 0.01 M HCI
solution. Probably, surface layers of the magnetite
powder are partially oxidized already at the stage of
production. It is known that this effect is frequent in the
production practice of ferritic particles by the ceramic
method. The exposure of the surface of a magnetite-
graphite electrode to an oxygen-containing atmosphere
may also cause a deviation of the surface layer compo-
sition from the stoichiometry towards Fe,Os3 [18]. An
analogous effect of the oxidation of the surface layer of
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Fig. 1 Voltammograms of the A-magnetite (0.1 g/g) recorded at
different potential scan rates in 0.5 M HCI. The inset has been
adapted from [8]: 1, y-F,03; 2, F50,4
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Fig. 2 Voltammogram of the A-magnetite (0.1 g/g) recorded
during consecutive scans from a stationary potential (0.4 V) at a
rate of 50 mV/s in 0.5 M HCI. The numbers on the curves denote
the scan number

cadmium hexacyanoferrate was revealed recently [19].
The following observations also point to the presence of
a higher oxide film on the surface of the magnetite
particles. The peaked shape of the voltammogram
characteristic for the magnetite (Fig. 2) is restored after
repeated cathodic polarizations from the stationary po-
tential. It is known [20] that the reaction depth (%) in an
individual particle decreases with increasing scan rate.
Therefore, one may expect that the number of consec-
utive scans, which need be realized to obtain the classical
peaked shape, will grow correspondingly. For the case
shown in Fig. 2, the electrode was polarized twice at a
rate of 50 mV/s to remove completely the oxygen-en-
riched surface layer. The other assumption consists in
that the decrease in current at E < Ep, (potential of flat
zones) is due to passivation processes, which are con-
nected with appearance of a thin screening film on the
surface of magnetite grains (see Introduction). The
concepts mentioned are verified by chronoamperometric
studies of two states of the A-magnetite, which differed
in the presence (A, state) or the absence (A, state) of a
thin film with superstoichiometric oxygen (relative to the
volume of the sample) on the grain surface. The A, state
was obtained by means of preliminary cathodic polari-
zation of the magnetite electrode under dynamic con-
ditions at the potential scan rate v=100 mV/s. The
chronoamperometric measurements were made in 6 M
HCI at E=—-0.18 V. It is known (e.g. [16, 21, 22]) that
the oxidized form of the magnetite has a lower electro-
chemical activity than stoichiometric Fe;O4. Therefore,
the A; magnetite may be viewed as a ready model
demonstrating the effect of the coated film on the elec-
trochemical dissolution of oxides. The surface limiting
stage of the process usually shows up as a linear section
in the “amount of interaction substance versus time”
curve [23] or, which is the same, i(t) = const as applied to
chronoamperometric studies. From Fig. 3 it is seen that
such a section is indeed present at the initial stage of
the electrochemical dissolution of the A; magnetite
(Fig. 3a). A similar chronoamperometric response
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Fig. 3 Chronoamperograms of magnetite (0.2 g/g) recorded at
E=-0.180 V in 6 M HCIl: (a) the A; magnetite; (b) the A,
magnetite

should also be expected for the A, magnetite if the
cathodic polarization leads to replacement of the oxide
film by a new passivating film [3, 8, 9]. Contrarily, over
the whole time interval studied the kinetic curve for the
A, magnetite (Fig. 3b) demonstrates the current drop as:

i~ D272 (1)

pointing to a diffusion-controlled process.

Thus, the supposition about passivation processes
during the cathodic polarization of the magnetite elec-
trode was not confirmed in our experiments and the
effect is due to the presence of a low electrochemically
active oxide enriched by oxygen on the particles’ surface.

Figure 4 presents a typical voltammogram of the A,
magnetite in 0.5 M HCI solution registered at a potential
between +0.4 and —0.9 V. When the potential scan rate
is larger than 2 mV/s, the voltammogram exhibits two
well-resolved peaks of the cathodic current at potentials
of +0.2 to 0.0 V (£)) and —0.70 to —0.80 V (E»),
depending on v. One more current maximum can be
recorded if the potential scan interval is expanded in the
cathodic direction [2].

The branches of the first peak obey the Batler—Vol-
mer relationship. Their slopes depend on the potential
scan rate. When the scan rate is smaller than some (let us
call it “‘effective’’) potential scan rate v.g, the slope of the
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Fig. 4 Voltammogram of the A-magnetite (0.1 g/g) in 0.5 M HCl
solution at v=5 mV/s
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positive branch of the E versus log i curve is independent
of v and equals 60 mV/unit. On the other hand, the slope
of the negative branch strongly depends on v and
changes from 125 to 280 mV/unit at 5 and 20 mV/s,
respectively. At v>v.y a reverse phenomenon is ob-
served, namely a strong dependence of the slope of the
positive branch, which varies between 60 and 120 mV/
unit, while the slope of the negative branch remains
constant at a level of 280 mV/unit.

If the potential scan rate is increased, the peak po-
tential shifts to the cathodic side. A rectilinear depen-
dence of the peak potential on logv probably has a
general character. It was observed for materials of dif-
ferent origin (e.g. [18, 24, 25, 26, 27]). The function
I, =f(v) in the case of the first peak (£)) has an extre-
mum (Fig. 5). When the scan rate is small, the ascending
branch can be approximated by a linear dependence. As
the acid concentration of the supporting electrolyte in-
creases, the applicability boundary of the linear rela-
tionship shifts towards larger v.

The positive branch of the peak strongly depends on
the acid concentration of the solution, while the negative
branch is independent of pH. The potential E; versus the
solution pH curve is linear and its slope increases from
140 to 200 mV/pH as v decreases from 5 to 1 mV/s,
respectively. This fact probably suggests that protons
are involved directly at the limiting stage of the process
[11, 13, 18].

The second peak at E, behaves in accordance with the
relationship I,~v'”?>. An analogous behavior for the
magnetite voltammograms was observed earlier [2, 18],
with the only exception that in [2] the current near the
peak (E;) was independent of the potential scan rate.

Thus, the aforementioned results, which were ob-
tained using a CPEE, agree fairly well with the literature
data on the electrochemical dissolution of iron oxides.
To avoid any surface oxide layer influence, freshly pre-
pared B-magnetite was used for the subsequent experi-
ments. This material produces a peaked response over
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Fig. 5 I, at E,; versus potential scan rate (A-magnetite, 0.1 g/g)
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the whole interval of the potential scan rates studied:
from 0.5 to 500 mV/s.

Analysis of the experimental data concerning the ef-
fect of the scan rate on the magnetite dissolution vol-
tammogram has shown that the set of recorded
voltammograms has a certain pattern. The pattern
character depends, in turn, on the structure of the sur-
face layers of the crystals. It was mentioned in the
foregoing that, unlike the aged A-magnetite, the freshly
prepared B-magnetite produced a peaked response at all
the scan rates studied up to 500 mV/s. This fact does not
mean, however, that very thin layers with excess oxygen
are absent on the B-magnetite surface. Therefore, a
comparison experiment was performed. Electrochemical
behavior of the initial B-magnetite samples (B;) and
samples from the same batch (B,) were compared. The
surface of grains in the latter samples was “cleaned” by
preliminary cathodic polarization of the electrode from
Eg to —0.2 V at a rate of 20-50 mV/s, depending on the
acidity of the supporting solution. Some of the experi-
mental results are shown in Fig. 6. From Fig. 6 it is seen
that a generalizing polarization curve is present in both
cases. This polarization curve outlines the region of
permissible values of parameters in the ‘i versus E”
space for the whole ensemble of voltammograms re-
corded at a preset acidity of the solution. In other words,
the whole set of voltammograms fits the generalizing
curve following a certain hierarchic principle depending
on the sample preparation method (B; or B,). When v is
less or equal to v, the ascending (positive) branches
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Fig. 6 Variation of the voltammograms of the B-magnetite (0.2 g/
g) depending on the potential scan rate in 1 M HCI: (a) initial B,
sample; (b) “cleaned” B, sample. The numbers on the curves
denote the scan rate (mV/s)

recorded for the B, and B, samples go along the positive
branches of the generalizing i—E curves up to some value
Ju®, which depends directly on the scan rate. When v> v
o, the ascending branches of the potentiodynamic
curves recorded for the B; samples “break off” the
generalizing %)eak and the descending branches merge
together. J,,") decreases with increasing scan rate (Fig.
6a). A quick drop of the peak height with increasing v
was also observed in [22].

When v=v.q, the parameters of the voltammograms
recorded for the B, samples flatten out and remain at a
constant level over the whole range of the potential scan
rates (see the inset in Fig. 6b).

When the solution acidity is higher than 1 M HCI, the
B, samples partly deviate from the behavior described
above: the voltammogram shifts towards more positive
potentials at low scan rates and goes beyond the limits
outlined by the generalizing curve. The potential scan
rate at which the said deviation occurs depends on the
acid concentration of the solution (2 and SmV/sin 2 and
4 M HCI, respectively). This exception to the rule pro-
vides an excellent support to the regularity we arrived at.
When the HCI concentration of the solution is higher
than 1 M, the set of voltammograms breaks up into two
subsets. One of the subsets, which corresponds to larger
v, fits the generalizing curve of the B, state (Fig. 6a). The
other subset (with smaller scan rates) fits the generalizing
curve of the B, state (see Fig. 6b).

Reverse currents

Anomalous phenomena in the form of a cathodic re-
sponse during the polarization towards more positive
potentials (the “‘reverse current” as defined in [28, 29])
were observed in studies concerned with the electro-
chemical dissolution of the magnetite under cycling
conditions (e.g. [2, 3, 6, 7, 8, 9, 16]). Analogous effects,
including those with the opposite sign (an anodic peak in
the cathodic polarization curve), have been noted more
than once in different systems on different electrodes
(e.g. [28, 29, 30, 31, 32, 33, 34, 35, 36, 37)).

Figure 7 presents typical cyclic voltammograms of
the B-magnetite, which were measured in a 0.5 M HCI
solution using different scan rates from the stationary
potential of 0.4 V to —0.2 V and back. It is seen that a
well-defined cathodic peak appears at the polarization
towards more positive potentials. All other things being
equal, its value (/irevy) depends, similarly to the value of
the forward cathodic peak (/ywa)), on the acidity and
the temperature of the supporting electrolyte (a direct
dependence), the concentrations of Fe;O4 and dibutyl
phthalate in the paste (direct and inverse dependences
respectively), and the potential scan rate (an extremum
dependence for the A and B states, flattening out for the
B, magnetite). The reverse current is not detected when
the scan rate is small and the electroactive species
are exhausted on the electrode surface during the first
half-cycle. The potential scan rate at which the reverse
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Fig. 7 Cyclic voltammograms of the B-magnetite (0.2 g/g) in 0.5 M
HCI at potential scan rates equal to 2 mV/s and 50 mV/s

current is recorded directly depends on the HCI con-
centration of the solution. The anomalous current ap-
pearsat v>5mV/sina 1 M HCl solution and v>1mV/s
in a 0.1 M HCI solution.

In a general case, the forward and reverse responses
in cyclic voltammograms of the magnetite may differ
considerably, both by their location on the potential axis
and the intensity of the measured signals (Fig. 7).
Remarkably, the potential values of the forward (Epyq)
and reverse (E.y) peaks do not depend on their
recording sequence. For example, cyclic voltammogram
1 in Fig. 8 was recorded when the potential was scanned
at a rate of 2 mV/s in the cathodic direction from 0.4 V
to —0.25 V and back. Curve 2 “started” at the same rate
in the anodic direction from —0.25 V to 0.4 V and back.
When the potential scan rate increases, the forward and
reverse peaks approach one another both on the E axis
and in their intensity until they merge completely at
v=ver (Fig. 9).

It should be noted that both sets of voltammograms
fit one and the same generalizing curve. “Reversibility”
of the shape of the magnetite cathodic response was
observed earlier [2, 6, 9, 22]. The generalizing peak has a
quite definite potential equal to ~0.1 V (Fig. 10) and,
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Fig. 8 Cyclic voltammograms of the B-magnetite (0.2 g/g) in 0.5 M
HCI at a potential scan rate of 2 mV/s: I, from E to —0.25 V and
back; 2, from —0.25 V to E, and back
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Fig. 9 Dependences of AE= Egyg—FErey and I.ey/Ilrwg on the loga-
rithm of the potential scan rate

E/'V (O, ®)0.5M HCI
(A, 4) 1.OM HCI
(O, m)2.0M HCI
0.2 (¢,0)4.0M HCI
ol - ~
0.0r
-0.1 L L . . |
-1 0 1 2 3 4 5

Fig. 10 Potentials of the forward (open symbols) and reverse (filled
symbols) peaks versus the logarithm of the potential scan rate of the
B-magnetite (0.2 g/g) at different HCI concentrations

therefore, this potential represents a characteristic of the
magnetite.

The appearance of reverse currents in a cyclic vol-
tammogram is often related to a unique origin of this
effect, which is different from the origin of the forward
signal in polarization curves. Sapozhnikova and Roi-
zenblat [8] expressed this idea most clearly for a carbon
paste electrode containing magnetite as the electroactive
material. According to these authors, the current peak,
which is recorded in the initial cathodic curve of the
magnetite, is due to reduction of “‘nonstoichiometric”
(as defined by the authors) trivalent iron (Feg'V”’)® and
is proportional to the concentration of vacancies in the
lattice. The cathodic current in the anodic curve corre-
sponds to reduction of iron bound to chemisorbed
oxygen [Fe"0, .4, and depends on the concentration
of bivalent iron in the magnetite. The analysis of our
experimental data suggests that the forward and reverse
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currents of the reducing dissolution of the magnetite
obey the same laws and have one and the same gener-
alizing curve. This may refute the assertion about a
unique origin of the anomalous peaks.

In our opinion, at the polarization towards more
positive potentials, when the reducing dissolution con-
tinues, the system passes the same sequence of states in
the reverse direction as the forward (towards more
negative) potential scan. Therefore, the material dis-
solves in the range of potentials where a region of
homogeneity exists. In this case, the generalizing vol-
tammetric curve reflects the change in the state of the
material depending on the applied potential and essen-
tially represents a voltammetric characteristic of the test
material.

Conclusions

It was found that a kind of a “Russian doll” effect is
realized for a carbon paste electrode containing mag-
netite as the electroactive material. The essence of this
effect is that the whole set of voltammograms recorded
at a given pH of the solution is bounded by a general-
izing (as defined by us) curve corresponding to some
“effective” scan rate veg. The voq value is determined by
the solution acidity.

It was shown that the change of the shape of the
cathodic polarization curve with increasing potential
scan rate and an extremum behavior of the I,,=f(v)
dependence (see Fig. 5) are indicative of an inhomoge-
neous structure of the magnetite particles (for example, a
superstoichiometric concentration of oxygen in the sur-
face zone of the crystals).

As concerning a “‘clean” surface of magnetite, the
following supposition in all probability can be accepted.
In the vicinity of the first peak (E,) the reaction takes
place in the homogeneity region of the defective struc-
ture of the magnetite according to the scheme:

Fes=504 + 8H" +2(1 £d)e” — 3 F 5)Fe§ar + 4H,0
(2)

where ¢ is the potential-dependent parameter of non-
stoichiometry. As the potential shifts towards more
negative potentials, the defect content in the surface
layer of the magnetite reaches a critical value (+dy,),
which should be followed (analogously to the chemical
reduction of nonstoichiometric oxides) by the crystal
lattice failure. However, this process probably has
insufficient energy near E. As a result of kinetic reasons,
growth of the current on increase in the scan rate does
not occur.

One may think that the electrochemical dissolution of
the magnetite and the formation of the secondary solid
phase take place over the region of potentials of the
second peak (E,). The formed FeO and Fe? ™ dissolve in
the electrolyte [38]. In all fairness, we have not had a
direct indication to this course of the process yet.

An anomalous effect (a cathodic current in the po-
tential scan towards more positive potentials) was ob-
served during a cyclic polarization of the magnetite
electrode. When the scan rate was equal to v, the re-
verse cathodic response followed exactly the shape of the
forward (cathodic) voltammetric curve of the magnetite
(the shape reversibility). Obviously, the system recipro-
cates the sequence of states passed during the cathodic
potential scan. In this case, a characteristic function of
these states is the current strength i(£), which reflects the
electrochemical activity of a reagent depending on the
applied potential.

Under certain experimental conditions (v>v.g), CPEE
voltammetric studies yield results similar to those ob-
tained with compact disc electrodes. Correspondingly,
the generalizing polarization curve may be used as a
voltammetric characteristic of the magnetite.
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